3. Catchment Hydrology



3.1 Hydrologicd modelli ng systems

The main components of a hydrologicd model are summarised in fig.3.1 (Cornell
University, 2003. Rainfall reading the ground may enter the soil by infiltration, or
may flow down the hill lope & surface runoff. Surfacewater can return to the
atmosphere by evaporation. Water within the root zone may be taken up by plants
and subsequently released into the amosphere by transpiration from the plant leaves.
Water within the soil may produce lateral flow downsope & shallow depth, or may
percolate downwards to groundwater store. Water may also be drawn upwards from
the subsoil by capillary action if the topsoil becomes dry. Surfacerunoff and shallow
lateral flow may enter streams fairly quickly after the start of a storm event.
Groundwater may be released to streams more slowly and over a longer period as
baseflow. Oncewater has entered streams, it will be routed downstream.
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Figure 3.1: Main components of a hydrological model (Cornell University, 2003



The conceptual model described above was first formulated mathematicdly in the
1960s as the Stanford Watershed Model. This g/stem uses a series of water stores,
with the rates of inflow and outflow to individual stores controlled by parameters
representing physicd properties of the hill ope environment. The system is
illustrated in fig.3.2 (after Dawdy and O'Donrell, 1965).

Components of the Stanford Watershed Model may be divided into:

e predpitation input, generaly representing the rainfall distribution aaossthe
cachment in space ad time,

» volumes of water within the surface soil, groundwater and river routing stores
at any particular time, which may be controlled by soil depth and porosity,

e parameters controlling the rate & which water can passbetween the different
stores, which will be dependent on the hydrologicd properties of the soil and
bedrock,

» parameters determining the rate of water lossthrough evaporation and
transpiration, which will be determined by the nature of the ground surface
and vegetation, and also by the prevaili ng climatic conditions,

e parameters determining the rate & which water released into rivers will be
routed downstream through the river system.

Whilst the Stanford Model provides a good theoreticd basis for hydrologicd
modelling, a number of assumptions must be made in order to generate aworkable
computer simulation of ared watershed. The smplest approad is to assume that
rainfall input and hydrologicd parameters are gproximately uniform aaossthe
cachment, so that average cdachment values can be used in the modelling equations.
This leals to lumped parameter models, of which the Institute of Hydrology
HYRROM modd (fig.3.3) is an example.
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C  maximum rate of cgpill ary rise

D redargeto groundwater store

Er evaporation from surfacewater store

Er evapotranspiration from soil water store

F infiltration to soil moisture store (parameters fo,fc,k)
G  groundwater store (parameter K)

G  groundwater storage threshold

M  soil moisture store

M soil moisture storage threshold

P predpitation input

Q totd streandischarge

Q. surfacerunoff

Qs outflow from groundwater store

Qs outflow from surfacewater routing store
R  surfacewater store

R surfacewater storage threshold

S  aurfacewater routing store (parameter Ks)

Figure 3.2. Stanford Watershed Model (after Dawdy and O’ Donnell, 1965
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Figure 3.3: HYRROM model using nine parameters, identified by codesin the
diagram above, to control therates of input, output and transfer of water
between the stores. (after Institute of Hydrology, 1988

The lumped parameter approacdh can be very effedive in predicting hydrograph
responses at the output of a cachment. Although it may be difficult or impossble to
acarately measure the required model parametersin the field, these can be optimised
automaticaly by training the program with historicd data. Parameters are adjusted to
produce abest fit between the model output and red hydrographs recorded for the

river.

The lumped parameter approacd does, however, have some serious disadvantages:
* Ina cdachment of complex geology and varied vegetation, the assumption
that parameters can be represented by average cachment values may not be
valid.
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parameter A

Relianceis often placead on automatic cdibration of parameters.
Optimisation agorithms work by systematicdly adjusting parametersin a
diredion which moves towards a lower overall error value, often the root
mean square difference between the true and smulated hydrographs. It is
possble that quite different sets of parameter values will produce an equally
good optimisation. This stuation is termed equifinality. An exampleis
given in fig.3.4 for the smple cae of two parameters, where cmbinations

of the values A1, B; and A,, B, may represent similar minimums on a

contoured error surface

L =

parameter B

Figure 3.4: Two possblerunsof an optimisation algorithm leading to
different minima on the ar or surface

Equifinality may not be aproblem if the prediction of river dischargeisthe
sole objedive of the model. There must be serious doubt, however, asto
whether the parameter values chosen represent any true physicd properties
of the cachment.

Lumped parameter models generally work well when predicting river
discharges within the interpolation range of the data used for parameter
cdibration. Results may, however, become increasingly inacairate when
extrapolating beyond the known data to predict hydrographs for extreme

storm events.
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For these reasons and the cnsiderations given below, alumped parameter approac is
considered unsuitable for meding the objedives of the Mawddad research projed:

* Wide variationsin rainfal, geology, soils and vegetation are known to occur
on akilometre scde, so averaging of parameters aaosslarge aeasis not
appropriate.

* Anobjedive of the reseach isto predict changes in river flows in response to
changes in land management, so a dea link between model parameters and
measurable cachment charaderisticsis necessary.

* A good understanding of the mathematicd linkage between parameters
measured in the field and model output should alow increased confidencein
prediction beyond the limits of the historicd records. This may be important
for estimating the possble dfeds of a dianging rainfall regime in future

yeas.

An dternative mathematicd approach which relates more dosely to the physicd
charaderistics of the cachment isthe TOPMODEL concept of Bevan (1997). This
makes use of the Kirkby topographic index vy:

a
tan 8

y:

where aisthe land surface @aeadraining to a unit contour length on the hill lope, and

B isthe dope angle & that point (fig.3.5).

Figure 3.5: Determination of the Kirkby topographic index
(aefter Bevan, 2001)
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A high value of topographic index represents alikelihood of saturated conditions, and
occurs when alarge upslope aeadrains onto gently oping ground. By contrast, a
low value of topographic index represents the likelihood of dry conditions, and may
result from a small upslope aeadraining onto a stegp dope. Areas of hill lope with
similar values of topographic index would therefore be expeded to behave smilarly
hydrologicdly. An advantage of the TOPMODEL approadc is that the topographic
index is an entirely geometricd concept, so can be computed automaticdly from a

digital elevation model of the ground surface

TOPMODEL makes a simplifying assumption that downslope hydraulic
transmissvity T at any point on a hill lope can be expressed as a function of the water
storage deficit at that point, measured as the depth to the water table.

T = Toe 2/

where Ty is the lateral transmissvity when the soil isjust saturated, D isthe locd
depth to the saturated soil level, and m is a parameter controlling the rate of increase
in transmissvity. With this assumption, the downdope saturated subsurfaceflow rate
Q per unit contour length is given by:

Q = T tan B exp(- D/m)
The saturated transmissvity parameter may be varied aadossthe cachment to
represent variationsin soil type.

An dternative modelling approad is to subdivide the cachment into zones which
might be expeded to behave in a hydrologicdly smilar manner. These znes are
termed hydrological response units. Calculations of water storage and outflow are
then carried out separately for ead unit, with the outflow being routed to the next unit
downslope or downstream. A hydrologicd response unit is likely to require:
» arelatively uniform slope angle, so that a representative value for downslope
flow can be computed,
» relatively uniform soil and bedrock charaderistics, so that representative
values for hydraulic conductivity can be determined,
» relatively uniform surface daraderistics and vegetation, so that

representative values can be determined for evaporation and transpiration.
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A model using hydrologicd response unitsis HEC-1, available within the Watershed
Modelling System padkage (Goldman and Ely, 1990). HEC-1 has also been used in
experiments for the Mawddad basin and will be discussed in detail in sedion 3.2.

Crawvouelt

Figure 3.6: HEC-1 modé for the Mawddach sub-catchments

HEC-1 requires the study areato be divided into sub-cachments (fig.3.6) which can
be treaed as having uniform properties of dope, soil runoff and infiltration
charaderistics. Additional sub-cachments can be defined as necessary, until the
assumption of approximately uniform hydrologicd response units is achieved.
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Within the HEC-1 padage, severa different methods of determining soil infiltration
rate in response to rainfall are available. An option which has been employed in the
Mawddad modelling isthe US Soil Conservation Service arve numbers method
(fig.3.7). Thisalocaes aparameter on the basis of soil type and vegetation, which

can then be used in the cdculation of runoff generation.
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Figure 3.7: SCS curve number plots (after Bevan, 2001)

HEC-1 makes use of the kinematic wave equation for modelli ng the downslope flow

of surfacerunoff:

0A L 0Q _,
ot X
where:
g—f‘ isthe rate of change of water depth on the hill Slope surface
%—Q is the variation in discharge with distance down the hill lope,
X

r iswater gained or lost per unit area

The kinematic wave equation can be combined with Manning's equation:

Q= 1.486 ARZ/3V2
n
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which determines discharge Q in terms of dope S, hydraulic radius R, cross dional
areaof the flow A, and aroughnessfador n. This equation can be writtenina
simplified form by combining variablesto give:

Q = aA™
where oo and m are parameters related to flow geometry and surfaceroughness This
leads to the eguation:
a_A + amA(m_l) a_A =7
ot 0x
This equation can be solved to determine water movement down a hill Slope over time,

as afunction of surfaceroughnessand slope angle.

HEC-1 works well in smulating hydrographs from historicd storm events, and meds
the desired criterion of having parameters which link direaly to measurable
charaderistics of the cachment. However, it islimited to the modelling of asingle
storm. Infiltration to the groundwater store is treaed as alossfrom the model, so
long term base flow into riversis not represented. This difficulty isill ustrated in
fig.3.8, which compares the recorded and smulated hydrographs at Tyddyn Gwladys
on the River Mawddadh for the July 3, 2001, flood event.
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Figure 3.8: Synthetic hydrographs (solid line) and observed hydrograph
(dotted line) for the July 3, 2001, flood event, Tyddyn Gwladys.



Thereis good agreament for the pedk of the flood when hill lope runoff isthe main
contribution to the river flow. However, dower release of groundwater over the
subsequent 12 — 24 hours is not represented by the model. The inability to handle
groundwater flows adequately prevents HEC-1 being used in long term studies of the
effeds of antecedent conditions on flood generation.

A number of hydrologicd models have been developed which combine hill lope
runoff simulation with groundwater baseflow. An alternative gproac isto handle
groundwater processes with a separate groundwater model MODFLOW (McDonad
and Harbaugh, 1988) within the Groundwater Modelling System padkage.

The mathematicd basis for MODFLOW is Darcy's equation for the flow of water
through a porous medium (fig.3.9):

6H< GhB GE( ahgag GhB W = Sah

oxgd " oxd oy Z 0z ot
where K is hydraulic conductivity in the x-diredion,

? is the gradient of hydraulic head in the x-diredion,
X

% isthe dhange in hydraulic head with time,

Sisthe water storage cgadty of the porous medium, and
W represents water added as input, or lost as output from the system:

25
X s

V4

Figure 3.9: Components of Darcy's equation
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If hydraulic conductivities can be estimated and starting values assgned for the
hydraulic heads aadossthe cdachment, the diredions and volumes of water flow
through the bedrock can be computed. MODFLOW can determine water output to
streans from groundwater baseflow, and can respond to redcharge from rainfall events.
River water can also be gained into groundwater storage where river channels cross
unsaturated bedrock. Use of the MODFLOW padkage will be discussed in

sedion 3.4.

A further component that is necessary for hydrologicd modelli ng is the smulation of
surfacewater flows within the streams and rivers which make up the drainage system
of the cachment. Many hydrologicad models have ariver routing component in
addition to hill lope runoff simulation, but again it was deaded to use separate
speaalist padkages for this asped of the Mawddad projed. Experiments have been
caried out with the river routing packages HEC1 and GSTARS.

River channels of widely differing charader make up the Mawddadh system
(fig.3.10). Flows occur under a mixture of criticd and subcritica regimes,
necesstating the modelli ng of varying water velocity-depth relations within
individual reades.

Figure3.10: The River Mawddach in
Coed Y Brenin, showing atransition
from fast shallow supercritical flow in
the middle distance to dow deep sub-
critical flow in the foreground.
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For a given rate of river flow, it is possble that water may move downstream as either
adeep dow moving body (sub-critica flow) or as a shallow fast moving body (super-
criticd flow). The nature of the flow will be determined by the bed slope and channel
frictional resistance. A change from sub-criticd to super-criticd flow may inhibit the
overal river flow, sincefrictional forces play a greder retarding role in shallow
channels with fast moving water. It is also important to know which flow regime is
operating if sediment transport modelling isto be caried out. Sediment may be
readily transported through super-criticd reades but be redeposited in sub-criticd
reades of theriver.

The software padkage GSTARS (Generalized Strean Tube model for Alluvial River
Simulation) produced by the US Bureau of Redamation (Y ang and Simdes, 2000 has
proved succesdul in handling mixed flow regimes. This program can be described as
aone-and- a-half dimensional model, sinceriver flow is determined from afinite

number of spedfied cross edions (fig.3.11).

Figure3.11:

Schematic representation of
the GSTARS modd, with river
flows determined from channél
cross gdionsand river bed
elevations at spedfied points

The river routing functions of HEC-1 and GSTARS are intended for modelli ng flows
at discrete points aong ariver channel, so do not have the faality to map the extent of
overbank flooding onto the floodplain areaduring storm events.

It was considered esential to predict overbank flood extent as an element of the flood
prediction system for the Mawddadh. To aceomplish this, experiments have been
caried out with the programs River2D (Steffler and Bladkburn, 2002, and RMA2
(King et al.,1997) within the SurfaceWater Modéelling System padkage. Both are
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finite dement models which allow the dhannel and floodplain topography to be
entered as anirregular triangulated grid (fig.3.12). The gproach used by the
programsis smilar, employing the Navier-Stokes equation for turbulent flows, bed

friction with Manning’ s equation, and eddy viscosity coefficients to define turbulence.
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Figure3.12 Finite dement grid for the Mawddach floodplain at Tyddyn
Gwladys, Coed y Brenin, developed with River2D

When smulating flood events, the software must be @le to handle the wetting of
additional surface éements as the water surface atends beyond the river banks and
onto the flood plain. Changes to the boundary geometry of the river channel were
found to produce mathematicd instabili ty in some RMA2 models, causing the model
to fail without a solution. The River2D modelling code has a mecdhanism to link river
levelsto the groundwater profiles below adjacent hill lopes, and this has proved to
produce more stable results.
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The governing equation for the RIVER-2D program isthe mnservation of water

mass

a_H+a&+a&:0
ot ox oy

where the term in H refers to the rate of change in hydraulic head asriver level
changes, and the terms in g are the discharge gradients in the cordinate diredions x

andy.

Beyond the dhannel margins, this equation is replacead by a groundwater equation

oH _THa? 92
_:_% H —(H
ot S X2( +Zb)+ay2( +Zb)E

inwhich T is transmissvity, a measure of the rate & which water can permede
through the geologicd formation, Sis the storativity which determines the volume of
water which can be held within a unit volume of the rock material, and zb isthe
ground surface éevation. Dueto its mathematicd stability, River2D is the preferred
software option for modelli ng overbank flooding. Although intended for modelli ng
river reades of limited extent, River2D has also proved effedive in modelli ng tidal
flows within the Mawddad estuary.

An additional asped of interest for the Mawddadh river system is the movement of
sediment during flood events, leading to acamulation around the town of Dolgellau
and the heal of the Mawddadh estuary. Two software padkages, GSTARS and
CAESAR (Coulthard, 1999 for modelling sediment movement are discussd in
sedion 3.3.
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Summary

*  The main components of a cnceptual hydrologica model for storm eventsin
the Mawddad cachment are: surfacerunoff, lateral flow at shallow depth,
transfer between surfacewater and groundwater stores, and river routing.

* Modelswill berequired for hill lope hydrologicd processes, river routing and
flow onto floodplains. Additionally, sediment transport during flood eventsis
of importanceto the study.

e Lumped parameter models are cgable of predicting river discharge for
different intensities and duration of storm rainfall. However, these models
would not be adequate for modelling the aed extent of flooding within the
cachment, and would be unsuitable for predictive studies which model
changesinland use.

» TheKirkby topographic index can provide an effedive way of predicting soil
moisture mntent and the locaions of surfacerunoff by using a digital
elevation model for the cachment.

» Digtributed models, in which hydrologicd parameters are spedfied for grid
points aadossthe cdchment, provide ameans of relating the mathematicd
model diredly to aspeds of topography, soil type and vegetation. The grid
spaang possble for a distributed model will depend on the available
computing cgpadty.

»  Simple hill lope runoff-infiltration models will not adequately represent the
short term storage and release of groundwater which occurs during and after
storm events. Incorporation of agroundwater model may be necessary for
adequate representation of flood processes.

* River routing within the Mawddadh catchment must take acount of variations
in flow regimes of mountain streams.

* A floodplain model must be ale to represent the danging boundary of the
river channel as water spill s over the river banks during flood events. This
requires a stable system of differential equations within afinite dement
model.
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